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Simulations to Date
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35 Ton Simulation

* Red: heat enters through wall

e Blue: constant temperature,
impurity flux

* Yellow: 23% porous wall
9.5 GPM LAr flow rate

* |nlet temperature: 87.808
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35 Ton Simulation

Impurity Distribution Fermilab Results
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35 Ton Simulation
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35 Ton Simulation
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LBNF Cryostat - Geometry

* APA —approx. 80% open 13.20 ¢ si

= 777 7K
* CPA—-impermeable i 7 V
 Field Cage — 23% open //

Field Cage

'y Field Cage
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LBNF Cryostat - Geometry
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LBNF Cryostat — Boundary Conditions

Top Wall (LAr surface): . |viFul |visym.

— LAr Saturation Temperature: 88.348 K Inlet Flow Rate 4 Pumps 4 (2) Pumps 1 (0.5) pump
— Pas.sn'/e Scalar FI.ux: 1 | 5 o allene 1 1(0.5) 12 (6)
Remaining Exterior Walls: 4 of Outlets 4 4(2) 7 (7)

— Heat Flux: 7.2 W/mA2

* Electronics Surfaces: Single Pump = 103 GPM
— Total Heat Source: 23,700 W

* Inlet Temperature:

— Maintained at 0.4418 K above outlet
temperature to account for pump work

— Flow rate in table on the right

Porous Regions: Settings in previous
slides

Electronics Surfaces in pink
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LBNF V1: Symmetry at z = 30.5 m plane -
° -4 m
(pump discharge) 7
am :
Em
30m 20m 10m om =10m =20 m =30 m
Velocity (m/s) Velocity (m/s)
2.971e-07 0.05937  0.1187 0.1781 0.2375 0.2969 2.971e-07 0.05937  0.1187 0.1781 0.2375 0.2969
HE E | H E |
" == o
) W ; (& = _ :
ARENER g K2 p i
: " v/’, \
e Y ¥ ‘ B ,/ \
B (i35 ’
L o e
1: 7, : N Q}% . N l

Y .wﬁéks:z o . e S Ssa -‘,_- e _};; T § TS Y -
Z X Impurity Scaled Z Temperature (K)
" .0.6545 0.7508 0.8470 0.9433 1.040 1.136 2

X
" 88.69 88.75 88.80 88.86 88.91 88.97
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LBNF V1: Symmetry i
-4 i
=2m = l
z = 0 m plane (center of cryostat) o 2y
4m i
Em | |
z = 0 m plane (center of cryostat) oo oo = — T T
Velocity (m/s) Velocity (m/s)
2.725e-06 0.01341  0.02682  0.04022  0.05363 _ 0.06704 2.725e-06 0.01341  0.02682  0.04022  0.05363 _ 0.06704
h ~ Y ‘
Z X Impurity Scaled Z X Temperature (K)
% 09731 09881  1.003 1.018 1.033 1.048 < 8879 88.80 88.81 88.82 88.83 88.84
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Simulations to Date (Continued)

e Latest Configuration:

— Symmetric: standard operating conditions, electronics turned off, and
half LAr flow rate.

— Running full model: Erik Voirin’s results showed significant

asymmetry.
Top View of Latest Configuration
TETE Y RN WO Twn
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—— @ 4.-..2@;_.-4- _
b o o - o o
¢ = inlet z=0.0m

r - -~ Removed in Symmetric

C ¢ = outlet — . 1 Models
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Mesh Validation

SDSU

Used two mesh types with varying levels

of refinement.

Solutions have been in agreement.

Polyhedral meshes require more time

(about 30%) to solve the passive scalar

for impurity distribution.

Currently using trimmed cell mesh

(consists of cubes of varying sizes).
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Electronics Turned Off

* Heat flux on electronics set to 0.0

Watts.
* No other changes.
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Electronics Off: TemperatureatZ=0.0m |-

-4 m ir

° ° 2m E P

In Line with Outlet o =
4m i
Em ‘

30m 20m 10m om =10m =20 m =30 m
Velocity (m/s) Velocity (m/s)
5.50e-07 0.0137 0.0273 0. 0410 0. 0;46 0.0683 1.10e-06 0.0113 0.0227 0. 0340 0. 0{54 0.0567

-
.

Y
ZX
- Temperature (K)
88.88 88.89 88.90 88.91

Electronics On
6/27/2017

it e
L

Y

ZX
' Temperature (K)

88.92 88.94 88.68 88.69 88.70 88.70

Electronics Off
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88.71

88.72
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Electronics Off: Temperature at Z=2.59 m

Between Inlet and Outlet

Velocity (m/s)
5.59-07  0.0108 0.0215 0.0323 0.0431 0.0539

- " e

Y
X

Temperature (K)
88.88 88.89 88.90 88.91 88.92 88.93

Electronics On
6/27/2017

& m T
-4 i
2Zm d v
Oom *I L
2m X
4m i
Em ‘
30m 20m 10m Om -10m =20m -30m

Velocity (m/s)
6.02e-07 0.00971 0.0194 0. 0221 0. 05‘§8 0.0486

Y
ZX

Temperature (K)

88.68 88.69 88.70 88.71 88.71 88.72

Electronics Off
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Electronics Off: Temperature at Z=5.17 m
In Line with Inlet

Velocity (m/s)
4.40e-07  0.0245  0.0489 ~ 0.0734  0.0978 0.122

. ’
7
.

Y
ZX
Temperature (K)
88.86 88.88 88.90 88.92 88.96

Electronics On

3
-&m
-4 m
=2m 7
om A
Zm X
4m
Em b
30m 20m 10m 0Om =10 m =20 m =30 m
Velocity (m/s)
1.38e-06 0.0235 0.0471 00706 0.094'2 0.118
Y
Z X
Temperature (K)
88.66 88.68 88.69 88.71 88.73 88.74
Electronics Off
17
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Electronics Off: Temperature at X=1m 4m

-Bm

2m
Om

1.91e-07

7 x 8888

6/27/2017

0.0134

88.89

Velocity (m/s)
0.0268 ~  0.0402

LY ] i

Temperature (K)
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0.0536
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88.92

4m

M~
-

30m

20m 10m Om

-10m

=20m

-30m
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0.0117

88.69
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Electronics Off: Temperature at X=3 m

Velocity (m/s)

1.57e-07  0.00936 0.0187 0.0281 0.0374 0.0468

H e N —

¥ 4

(T S O [ DEOID

Temperature (K)
88.90 88.91

FAN T L O

88.89

Z X 88.89

Electronics On
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-Bm
-4 i
2m R

om L0

2 "Qﬁ‘
4m

Em

30m 20m 10m Om -10m =20m -30m
Velocity (m/s)
9.59%e-08 0.0101 0.0203 0. 0394 0.0406 0.0507

oooo TS Tk Y] "N AR

Temperature (K)

88.70 88.70 88.72

88.68

88.69

88.71

Electronics Off
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-Bm

Electronics Off: Temperature at X =6 m 4m

2m
Oom +

M~
-

4m
& i)

30m 20m 10m Om -10m =20m -30m

Velocity (m/s) Velocity (m/s)

4.19e-07  0.0104 0.0209 0.0313 0.0418 0.0522 3.66e-07 0.00951 0.0190 0.0285 0.0380 0.0475

- - 4 1\
Y Temperature (K) ¥ Temperature (K)
7 X 88.89 88.90 88.91 88.91 88.92 88.93 7 X 88.68 88.69 88.70 88.70 88.71 88.72

Electronics On Electronics Off
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Electronics Off: ImpurityatZ=0.0 m t
-4 i
° ° -2 m — ;
In Line with Outlet or 2y
4m i
Em ‘
30m 20m 10m Om -10m =20m
Velocity (m/s) Velocity (m/s)
5.50e-07  0.0137  0.0273  0.0410  0.0546  0.0683 1.10e-06  0.0113  0.0227 ~ 0.0340  0.0454  0.0567
B . R | N ' |
IY lY
ZX " : ZX :
Impurity Scaled ' Impurity Scaled
0.9985  1.001 1.004 1.006 1.009 1.012 0.9981  1.001 1.004 1.007 1.010 1.013

Electronics On Electronics Off
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Electronics Off: Impurity at Z=2.59 m

Between Inlet and Outlet

Velocity (m/s)
5.59e-07 0.0108  0.0215 0.0323 0.0431

B

Y
ZX
Impurity Scaled
0.9983 0.9997 1.001 1.003 1.004

Electronics On
6/27/2017

0.0539

& m T
-4 i
2m d N
Oom *I 1
2m X
4m i
Em ‘
30m 20m 10m Om -10m =20m -30m

Velocity (m/s)
6.02e-07 0.00971  0.0194 0.0291 0.0388 0.0486

Impurity Scaled
0.9944 0.9969 0.9994 1.002 1.004 1.007

Electronics Off

Liquid Argon Flow CFD Simulations
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Electronics Off: ImpurityatZ=5.17 m
In Line with Inlet

5]
3
[~
-

Velocity (m/s)
4.40e-07  0.0245  0.0489 = 0.0734  0.0978 0.122

» .
.

Y
ZX
Impurity Scaled

0.9091 0.9438 0.9785 1.013 1.048 1.083

Electronics On

30m 20m 10m Om -10m

=20m

-30m

Velocity (m/s)
1.38e-06 0.0235 0.0471 0. 0706 0. 094_!2 0.118

Y
ZX
Impurity Scaled

09110 0.9447 0.9784 1.012 1.046 1.079

Electronics Off
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Electronics Off: Impurityat X=1m

Velocity (m/s)

1.91e-07  0.0134 0.0268 0.0402 0.0536 0.0670

¥ Impurity Scaled
Z X 0.9890 0.9936 0.9981 1.003 1.007 1.012

Electronics On

6/27/2017

-Bm
-4 i
2m
Om

4m

Ml

- 1<

30m

20m

10m

Om

-10m

=20m

-30m

0.9898
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1.50e-07

Velocity (m/s)
0.0350

. IR

purity Scaled
0.9989

1.003

Electronics Off




-Bm

Electronics Off: Impurity at X =3 m 4m

2m R
ey L
2 'ﬁﬁ‘
4m
Em
30m 20m 10m Om -10m =20m -30m
Velocity (m/s) Velocity (m/s)
1.57e-07 0.00936 0.0187 0.0281 0.0374 0.0468 9.5%e-08 0.0101 0.0203 0.0304 0.0406 0.0507

. r ol N o T . L A. v« | v -y
3y Impurity Scaled X Impurity Scaled
7 X 09925 09956  0.9987 1.002 1.005 1.008 z x 09915 09949  0.9982 1.002 1.005 1.008

o M R
EELRLU SRR R

Y- - -
b N | W - NS DRI TR R ~

Electronics On Electronics Off
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Electronics Off: Impurity at X=6m

-Bm
-4 i
2m
Oom +

M~
-

Velocity (m/s)

4.19e-07  0.0104 0.0209 0.0313 0.0418 0.0522

b Impurity Scaled
Z X 0.9928 0.9957 0.9986 1.002 1.004 1.007

Electronics On

4m

& il ¢

30m 20m 10m Om -10m =20m -30m

Velocity (m/s)

3.66e-07 0.00951 0.0190 0.0285 0.0380 0.0475

Y Impurity Scaled
Z X 0.9924 0.9955 0.9986 1.002

Electronics Off
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Half Flow Rate

* LArinlet flow rate changed from
103 GPM to 51.5 GPM

6/27/2017 Liquid Argon Flow CFD Simulations
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Half Flow Rate: TemperatureatZ=0.0m |--

In Line with Outlet

Velocity (m/s)
5.50e-07  0.0137 00273 ~ 0.0410  0.0546  0.0683

[z o
|3
A ! d

Y
X

- Temperature (K)

88.88 88.89 88.90

88.91 88.92 88.94

Regular Flow Rate
6/27/2017

(w ) N7
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[~
’-Ir?lﬂ

30m 20m 10m Om -10m =20m -30m
Velocity (m/s)
2.29e-06 0.0141 0.0282 0. 04?3 0. 05_64 0.0705

Y
ZX

Temperature (K)

88.88 88.89 88.90 §8.91 88.92 88.93

Half Flow Rate

Liquid Argon Flow CFD Simulations




Half Flow Rate: Temperature atZ=2.59 m

Between Inlet and Outlet

Velocity (m/s)
5.59-07  0.0108 0.0215 0.0323 0.0431 0.0539

- 4N 1

Y
X

Temperature (K)
88.88 88.89 88.90 88.91 88.92 88.93

Regular Flow Rate
6/27/2017

& m T
-4 i
2Zm d v
Oom *I L
2m X
4m i
Em ‘
30m 20m 10m Om -10m =20m -30m

Velocity (m/s)
2.77e-06 0.0129 0.0258 0.03§Z 0.0216 0.0644

Y
ZX
Temperature (K)

88.88 88.89 88.90 §8.91 88.92 88.93

Half Flow Rate

Liquid Argon Flow CFD Simulations
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Half Flow Rate: TemperatureatZ=5.17m |-- +
-4 m
In Line with Inlet —
4m
Em
30m 20m 10m @ om =10m =20 m
Velocity (m/s) Velocity (m/s)
4.40e-07  0.0245 0.0489 0.0734 0.0978 0.122 2.30e-06  0.0220 0.0441 0.0661 0.0881 0.110

’ ’ ’ =
s 2 Ay
. MLV ALNEAR
-~

e ———

Y
ZX

Temperature (K) ' Temperature (K)
88.86 88.88 88.90 88.92 88.94 88.96 88.87 88.88 88.90 88.91 88.93

Y
zx

88.94

Regular Flow Rate Half Flow Rate
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-B m
Half Flow Rate: Temperature at X =1 m —
2 : o
4m
Em
30m 20m 10m om =10m =20 m =30 m
Velocity (m/s) Velocity (m/s)
1.91e-07  0.0134 0.0268 0.0402 0.0536 0.0670 7.83e-08 0.0122 0.0243 0.0365 0.0487 0.0608

7 x 8888

6/27/2017

88.89

‘- \ \ PR, AW P N
Temperature (K)
88.90 88.91 88.92

Regular Flow Rate

'R

88.93 Z X 88.88

Liquid Argon Flow CFD Simulations

N

L

LU B |

88.89

-
e

Temperature (K)
88.90 88.91

Half Flow Rate
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-Bm

Half Flow Rate: Temperature at X=3 m 4m

_2 m 7 A"
am LT
2 'ﬁﬁ‘
4m
Em
30m 20m 10m 0Om =10 m =20 m =30 m
Velocity (m/s) Velocity (m/s)
1.57e-07 0.00936 0.0187 0.0281 0.0374 0.0468 1.00e-07 0.00961 0.0192 0.0288 0.0385 0.0481

NIRRT NEO® NS DN R AR - WK -

X Temperature (K) X Temperature (K)
7 x 8889 88.89 88.90 88.91 88.92 88.93 7 x 8888 88.89 88.90 88.91 88.92 88.93

N 75 ) W N &Y o ANy (T

Regular Flow Rate Half Flow Rate
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Half Flow Rate: Temperature at X=6 m :

M~
-

4m

& iy 4

30m 20m 10m Om -10m =20m -30m

Velocity (m/s) Velocity (m/s)

4.19e-07  0.0104 0.0209 0.0313 0.0418 0.0522 4.72e-07  0.00952 0.0190 0.0285 0.0381 0.0476

\ f 4w e . A L)
o _ S —— LY T R T R A T VR T et e SR, " B =1
e e e — S e = === —— 1 =

) 0 \

Temperature (K)

b Temperature (K) X
.91 88.92 88.93 Z X 88.88 88.89 88.90 88.91 88.92 88.93

7 x 8889 8890 8891 88

Regular Flow Rate Half Flow Rate
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Half Flow Rate: Impurity atZ=0.0 m

In Line with Outlet

Velocity (m/s)

5.50e-07  0.0137 0.0273 0.0410 0.0546 0.0683

Y
ZX ,
Impurity Scaled
0.9985 1.001 1.004 1.006

Regular Flow Rate
6/27/2017

-Bm T
-4 i
=2 m E I'
Om +
2Zm I}(
4m i
Em ‘
30m 20m 10m Om -10m =20m -30m
Velocity (m/s)
2.29e-06 0.0141 0.0282 0.Qf123 00564 0.0705
Y
ZX
Impurity Scaled
0.9991 1.000 1.002 1.003
Half Flow Rate
34
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Half Flow Rate: Impurity atZ=2.59 m

Between Inlet and Outlet

Velocity (m/s)
5.59e-07 0.0108  0.0215 0.0323 0.0431

B

Y
ZX
Impurity Scaled
0.9983 0.9997 1.001 1.003

Regular Flow Rate
6/27/2017

0.0539

& m T
-4 i
2m d N
Oom *I 1
2m X
4m i
Em ‘
30m 20m 10m Om 10m =20m -30m

Velocity (m/s)
2.77e-06  0.0129 0.0258 0.0387 0.0516 0.0644

Impurity Scaled
0.9984 0.9994 1.001 1.002 1.003 1.004

Half Flow Rate

Liquid Argon Flow CFD Simulations
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Half Flow Rate: ImpurityatZ=5.17 m
In Line with Inlet

5]
3
[~
it

Velocity (m/s)
4.40e-07  0.0245  0.0489 ~ 0.0734  0.0978 0.122

» .
.

Y
ZX
Impurity Scaled

0.9091 0.9438 0.9785 1.013 1.048 1.083

Regular Flow Rate

30m 20m 10m Om -10m

=20m

-30m

Velocity (m/s)
2.30e-06 0.0220  0.0441 0.0661 0.0881 0.110

2 -

Y
ZX
Impurity Scaled

0.9336 0.9591 0.9845 1.010 1.035 1.061

Half Flow Rate

6/27/2017 Liquid Argon Flow CFD Simulations




-Bm

Half Flow Rate: Impurityat X=1m 4m

_2 m 7 A"
om L0
2 4
4m
Em
30m 20m 10m 0Om =10 m =20 m =30 m
Velocity (m/s) Velocity (m/s)
1.91e-07 0.0134 0.0268 0. 0402 0.0536 0.0670 7.83e-08 0.0122 0.0243 0.0365 0.0487 0.0608

¥ Impurity Scaled X Impurity Scaled
Z X 0.9890 0.9936 0.9981 1.003 1.007 1.012 7 X 0.9935 0.9961 0.9988 1.001

Regular Flow Rate Half Flow Rate
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-Bm

Half Flow Rate: Impurity at X =3 m 4m

_2 m 7 A"
am LT
2 'ﬁﬁ‘
4m
Em
30m 20m 10m om =10m =20 m -30m
Velocity (m/s) Velocity (m/s)
1.57e-07 0.00936 0.0187 0.0281 0.0374 0.0468 1.00e-07 0.00961 0.0192 0.0288 0.0385 0.0481

o M R
EELRLU SRR R

I~ - - o B - e
DY Y v hN'S SRANY M s N RN N 75 U LI N | w A o o s B B T NN

¥ Impurity Scaled X Impurity Scale
Z X 0.9925 0.9956 0.9987 1.002 1.005 1.008 7 X 0.9957 0.9975 0.9993 1.001

Regular Flow Rate Half Flow Rate
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Half Flow Rate: Impurity at X=6m

Velocity (m/s)

4.19e-07  0.0104 0.0209 0.0313 0.0418 0.0522

b Impurity Scaled
Z X 0.9928 0.9957 0.9986 1.002 1.004 1.007

Regular Flow Rate

-Bm

-4 i

2m

Oom

Ml

= |=<

4m

& i)

30m

20m

10m

Om -10m =20m -30m

0.9951

6/27/2017 Liquid Argon Flow CFD Simulations

4.72e-07  0.00952

Velocity (m/s)
0.0190

S

0.0285

Impurity Scaled
0.9990

1.001

0.0381 0.0476

Half Flow Rate




Latest Design: Field Cage Impurity Range Information

° TU rn | ng Off the elect ron iCS does Field Cage Impurity Values: scaled so that the average impurity in the field cage is
equal to 1. Table lists percent above/below average.

not Slgnlflca ntly affect the Scaled V1 Design| Poly | New Poly | Trimmed | No Elec |Half Flow

min/maX or Standard deViation, Max Value 7.9% 2.13% 1.27% 1.34% 1.51% 0.71%

Min Value -11.8% -4.76% -4.30% -5.93% -4.24% -3.20%

e Half LAr recirculation rate Standard Dev. | 1.63E-02| 1.41E-03| 1.38E-03| 1.72E-03| 1.70E-03| 1.04E-03

decreases the max value and
standard deviation

Simulation with Trimmed Mesh and Half Flow

Simulation with Trimmed Mesh Variation: Rate Variation:
e Scaled max: 1.13% to 1.58% e Scaled max: 0.60% to 0.87%
e Scaled min: -3.44% t0 -12.91% e Scaled min: -1.68% to -9.65%

e Standard Deviation: 1.59E-03 to 1.88E-03 ¢ Standard Deviation: 9.04E-04 to 1.21E-03
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Future Work

6/27/2017

* Full (not symmetric) model of latest design

— Erik Voirin’s simulation showed significant asymmetry.

* Add monitors to track unsteadiness:
— Monitor fluctuation in scaled min. and max. field cage impurity.
— Track location of scaled min. and max. field cage impurity.
— Monitor field variance in impurity distribution

* Possibility of simulating ProtoDUNE.
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